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This invention relates to a new antibiotic designated 
reuterin, procedures for isolating and cultivating 
reuter in-producing strains of Lactobaci 1 lus reu ter i fr,om 
animal sources, and procedures for isolation and purification 
of reuterin. 



Background Inf ormat Ion 

Lactobacillus reuter i , a newly designated species of 
Lactobaci llus (some strains of this species were previously 
identified as Lactobacillus f er men turn (1, 2)), is a symbiotic 

15 resident of the gastrointestinal (GI) tracts of humans, swine 
and other animals. The neotype strain of L. reuterl is DSM 
20016 (ATCC No, 53609). This strain and the newly isolated 
strain 1063 (ATCC No. 53608) are available to the public at 
the American Type Culture Collection (Rockville, MD. ) having 

20 been deposited therein April 17, 1987. The GI tract of 

animals is a complex ecosystem harboring an estimated 300-500 
species of microorganisms, known collectively as the 
indigenous microbiota. Despite over 100 years of intensive 
research in the field of intestinal microbiology much remains 

25 to be learned about these microorganisms, the complex 

interrelationships that exist between the different species 
and the nature of the symbiotic relationships existent between 
the microbiota and their host. 

Under certain conditions some members of the indigenous 
30 microbiota can become opportunistic pathogens causing a 

variety of enteric diseases. More often, however, pathogens 
gain access to the GI tract as contaminants in food or water. 
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Notable among the latter are a number of bacteria (e.g., 
Escherichia coli , Salmonella species, Shiqel la species, 
Yersina in terocol i t ica , Vibrio cholera, Vibrio 
parahaemolyt icus , Campy lobacter jejuni and Clostridium 

5 difficile ) , viruses (e.g., roto- , astro- and c i 1 i ci v iruses ) 
and intestinal parasites (e.g., Giardia and Entamoeba 
species). Acute and chronic enteric diseases caused by these 
and other microorganisms occur worldwide causing considerable 
human misery and loss of economically important animals. 

10 Certain microbial activities have also been associated with 
production of mutagens within the GI tract. 

It is also known that the indigenous microbiota exist in 
a symbiotic or synergistic relationship with their host 
contributing in many positive (probiotic) ways to the host's 

15 general health and well-being. It is well-known that 

germ-free animals are not particularly healthy and have poorly 
developed GI tracts. In return for the nutrient-rich and 
stable ecosystem provided for them, the indigenous microbiota 
provide their hosts with an assortment of benefits including 

20 among others (i) protection against enteric pathogens, (ii) 
stimulation of normal development and function of the GI 
epithelial mucosal system, (iv) production of various vitamins 
and other nutrients and (v) remetabolism of the host*s 
abundant endogenous mucosal tissue. 

25 At the present time there is little understanding of how 

the composition and numbers of the indigenous microbiota are 
controlled. It is viewed that these controls are the 
consequences of complex interactions among the numerous 
species involving such factors as: redox potential, surface 

30 pH, inhibitory effects of fatty acids, hydrogen sulfide, 

deconjugated bile salts and as yet unidentified inhibitory 
substances, as well as factors such as competition for 
limiting nutrients and the ability of the microbiota to 
associate with and adhere to the epithelial surfaces of the GI 

35 tract. 
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Shortly after birth of an animal, Escherichia coli and 
enteric streptococci are almost universally the first bacteria 
to appear in the GI tract. The lactobacilli almost always 
accompany or immediately follow in sequence and become a 
5 dominant bacterial group found in the intestines. It is 

viewed that the small intestine microorganisms, particularly 
those belonging to the Lactobacillus and Streptococcus genera, 
have protective value against bacterial and non-bacterial 
pathogens and promote healthy weight gains in animals. Being 
10 among the more nutritionally fastidious of the enteric 
microbiota, the lactobacilli are believed to find their 
ecological niche in the more proximal, nutrient rich regions 
rather than in the distal regions of the GI tract. 

It has been reported on numerous occasions that the 
15 lactobacilli (3), which include a large number of 

nonpathogenic, non-toxic bacteria, play an important probiotic 
role in the health and well-being of humans and animals. 
Lactobacillus species are added to human and animal foodstuffs 
to preserve them, enhance their flavors and/or for probiotic 
20 purposes so that these bacteria will become available to the 
GI tract. Lactobacillus plantarum strains, for example, are 
grown commercially in large amounts and used as starter 
cultures for the commercial preservation of a variety of human 
(meats, vegetables and dairy products) and animal (silage) 
25 foods. Lactobacillus acidophilus strains are grown 

commercially in large amounts to be added to human (e.g., 
milk) or animal (feedstuffs) foods as a means of introducing 
these "bacteria into the GI tract for probiotic benefits. 
Reports on the beneficial effects of Lactobacillus therapy 
30 have increased in recent years with findings that dietary 

Lactobacillus therapy (i) affords protection from colon cancer 
for human populations on western diets (4), (ii) reduces the 
incidence of experimentally induced large bowel tumors in rats 
(5), (iii) reduces the fecal concen tract ion of bacterial 
35 enzymes known to catalyze the conversion of procarcinogens to 
proximal carcinogens in humans (6), and (iv) reduces the serum 
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cholesterol levels in swine (7). 

The metabolic endproducts of Lactobacillus metabolism 
such as acetic acid, lactic acid and hydrogen peroxide are 
well-known for their antimicrobial activities. Two 

5 laboratories have reported that the he terof ermenta ti ve species 

Lactobaci 1 lus brevls , Lac tobac i 1 lus buchner i (8) and 
Lactobacillus strain 208-A (9,10) metabolize glycerol 
anaerobical ly . The latter strain carries out an anaerobic 
dehydration (involving glycerol dehydratase) of 2 moles of 

10 glycerol yielding 2 moles of ^-hydroxypropiona ldehy de which in 
turn is dismutated to 1 mole of ^-hy droxypropion ic acid and 1 
mole of 1 , 3-propaned iol . Some lactobacilli also produce 
bacteriocins or bacter iocin- 1 ike proteins which exhibit 
bacteriocidal activity toward other members of that species or 

15 closely related species. Some unconfirmed reports have 
appeared concerning low molecular weight, antimicrobial 
substances produced by lactobacilli. Although their existence 
has been predicted for some time, such substances have not 
been confirmed or isolated. 

20 Following is a summary of what is known concerning 

antimicrobial activities associated with lactobacilli. In 
1907 , Metchnikoff (11) proposed that harmful putrefying 
bacteria residing in the GI tract were inhibited (or 
antagonized) by acid-producing lactobacilli. Since then a 
25 variety of such antagonistic activities associated with lactic 
acid bacteria have been reported (12). Most often these 
antimicrobial activities have been found to be associated with 
major end products of metabolism such as lactic and acetic 
acids and hydrogen peroxide (13-18). Other reports have 
30 appeared concerning antimicrobial activities associated with 

lactobacilli but not associated with these normal end products 
of metabolism. Gilliland and Speck (19) reported a 
broad-spectrum antagonism which varied among different 
Lactobacillus acidoohilus strains tested. Hydrogen peroxide 
35 was partially responsible for the inhibitory response. 
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Tramaer (20) showed that L. ac 1 dophi lus inhibition of E . coli 
was due to the strong germicidal action of lactic acid at low 
pH . Formation of an additional inhibitor also was suggested 
but not identified. Broad spectrum antagonistic substances 

5 also have been reported by Shahani et al., Reddy and Shahani, 
and Hamdan and Mikolagcik (21-25). In each of these reports, 
the antagonistic substances were produced during Lac tobac i 1 lus 
growth in 11% non-fat, dry milk solids and were difficult to 
distinguish from lactic acid and thus appear to be totally 

10 unrelated to reuterin. Of these studies HamdSm and Mikolagcik 
(24-25) performed the most intensive purification and 
" characterization of the substance they termed acidolin. They 
found it to be a low molecular weight (approximately 200) 
compound, free of nitrogen, acidic in nature, and extremely 

15 heat resistant. The conditions under which this substance is 
produced and its acidic nature clearly distinguish it from 
reuterin. A survey for antagonistic activities among yogurt 
cultures (26) could not identify inhibitory substances other 
than lactic acid in strains of L. acidophilus , JL. bulgarlcus , 

20 L.* case i , L. hel'vet icus , and L. lact is . One of the L. 

bulgarlcus strains tested had been reported previously to 
produce an antibiotic termed bulgarican (23). 

A number of lactobacilli are known to produce 
bacteriocins which are proteins exhibiting bacteriocidal 

25 activities. Most bacteriocins or bacter iocin-1 ike substances 
produced by lactobacilli exhibit a narrow range of 
biological activity. Vincent et al. (27) however reported a 
broad-spectrum bacteriocin, termed lactocidin, produced by a 
number of L. acidophilus isolates. No other reports of 

30 broad-spectrum bacteriocins produced by lactobacilli have been 
reported (12). Bacteriocins are polypeptides and their 
inhibitory properties are destroyed by proteases. Reuterin is 
not a polypeptide and its antimicrobial activity is unaffected 
by proteases. 

35 In addition to their ability to produce certain 
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antibiotic substances, Sandine (28) has proposed a number of 
roles or functions the Lactobacilli could play in the human 
(and animal) intestinal tract. These include: organic acid 
production, lower pH and oxidation-reduction potential, 
5 competitive antagonists, bile decon jugat ion and carcinogen 
suppression. Dietary adjunct lactobacilli are deemed 
beneficial by providing disease therapy, preventative therapy 
and as a source of needed enzymes. 

Summary of the Invention 
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10 According to the present invention, biologically pure 

strains of L. reu ter 1 are provided. Under the controlled 
cultivation methods of the invention, these strains produce a 
newly isolated and characterized broad-spectrum antimicrobial 
substance termed reuterin. This antibiotic may be used to 

15 kill other microorganisms under defined conditions using a 

microorganism (L. reuter 1 ) that is nonpathogenic to humans and 
other animals. The technique of the invention for isolation 
of reu ter in-producing Lactobacl 1 lus reuter i strains may also 
be used to isolate strains from humans and agriculturally 

20 important animals so that these isolated strains may be used 
as probiotic agents for the specific animal from which they 
were isolated. Thus, ^L. reu ter i 1063, isolated from swine has 
potential use as a probiotic agent in moderating colibacillosis 
and weanling diarrheal disease in swine and for increasing 

25 their feed efficiencies. In comparison to a number of other 
homo- and he terof ermenta t i ve lactobacillil isolated directly 
from swine small intestines, and also in comparison to 
reuter i strains 20016 and 27273 which have been held in stock 
culture for long periods of time, L. reu ter i 1063 demonstrates 

30 strong auto-agglutination, a high degree of surface 

hydrophobic! ty and binds better than other strains to swine 
epithelial cells in culture. A process for the production of 
reuterin and a procedure for isolation of reu ter in-producing 
strains of L. reuter i from the GI tract (or stools) of all 

35 animals harboring this species are also provided. Production 
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of large quantities of a naturally occurring broad spectrum 
antibiotic as provided by the invention makes possible the use 
of this antibiotic for treatment of a variety of diseases and 
as a general purpose antimicrobial agent. 

5 Brief Description of the Drawings 

Figure 1 shows production of reuterin under aerobic 
(shaking) and semi -anaerobic (still culture) conditions in a 
glycerol medium. 
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Figure 2 shows the effect of L. reuteri concentration 
(ug/ml dry. weight) on reuterin production after semi-anaerobic 
incubation of two strains of L. reuteri with E. coll in a 
glycerol medium. 

Figure 3 shows the effect of temperature on reuterin 
production . 

15 Figure 4 shows the effect of culture pH on reuterin 

production. • • 

Figure 5 shows production of reuterin and evidence of 
bacteriocidal activity. 

Figure 6 show the results of High Performance Liquid 
20 Chromatography (HPLC) analyses of L. reuteri samples. 

Figure 7 shows the positive ion mass spectrum of 
reuterin . 

Figure 8 shows the negative ion mass spectrum of 
reuterin . 
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Figure 9 shows the infrared spectrum of reuterin 



Figure 10 shows the carbon NMR spectrum of reuterin 
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Figure 11 shows the proton NMR spectrum of reuterln. 

Figure 12 shows the model of the L. reuter in-reuterin 
system. 

Figure 13A shows the -pe*^e-F^ of the colony-forming units 
5 (CFU's) and plaque-forming units ( PFU ' s ) at each reuterin 

level when reuterin was added to phage -infected bacterial 
cultures and Figure 13B shows the ^"->i ™. 1n j-c. CFU's and 
PFU's. 

Figure 14 shows the effect of reuterin on ground beef 
10 microflora. 

Figure 15 shows the effect on reuterin on" E . 
col i -inoculated ground beef microflora. 

Figure 16 shows the Fourier Transform Infrared analysis 
of reuterin. 

15 Figure 17 shows the liquid chromatography /mass 

spectrometry analysis of reuterin. 

Figure 18 shows the carbon-13 spectrum of reuterin in 
deuterium oxide. 

Figure 19 shows the proton spectrum of reuterin in 
20 deuterium oxide. 

Figure 20 shows the proposed structure giving rise to the 
spectra of Figures 18 and 19. 

Figure 21 shows the carbon-13 spectrum of reuterin in 
deute rated methanol . 
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Figure 22 shov/s the proton spectrum of reuterin in 
deuterated methanol. 
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Figure 23 shows the proposed structure giving rise to the 
spectra of Figures 21 and 22. 

Figure 24 shows the mass spectra of a t r i me thy Is i 1 y 1 
derivative of reuterin. 

5 Figure 25 shows a proposed structure of the fragment of 

M/E 147. 

Figure 26 shows proposed schemes for the reuterin struc- 
ture . 

Figure 27 shows fragments fulfilling M/E data and NMR 
10 structures. 

Figure 28 shows the proposed structure of reuterin as it 
exists in aqueous solution. 

Description of t he Preferred Embodiments and Examples of the 
Preferred Embodiments 

15 Isolati on of Antibiotic-producing strains . Host-specific 

Lactobacillus reuteri strains may be isolated from an animal 
source such as the GI tract or stools of animals harboring the 
species by the methods of this invention. L. reuteri grows 
best under anaerobic conditions but will grow aerobically. 
Suspensions from the GI tract or stools are spread on agar 
plates of a medium suitable for Lactobacillus growth and the 
agar plates are incubated under conditions that promote growth 
of Lactobacillus colonies. In the preferred embodiment, well 
developed colonies appear on the surface of Lactobacillus 
25 Selection Medium (LBS) agar plates after 48 hours of anaerobic 
growth (reduced oxygen tension) at 37 degrees C. LBS Medium 
contains (g/L)j Trypticase, lOj Yeast Extract, 5i KH 2 P0 4 , 61; 
ammonium citrate, 2; sodium acetate ( tri -hydrate ) 34; MgS04 , 
(hepta-hydrate ) , 1.2; MnS0 4 (mono-hydrate), 0.13; FeSC>4 
(hepta-hydrate), 0.06. The pH is adjusted to 5.5 with 
concentrated HC1; agar (15g) is added. Glucose (lOg) is added 
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after sterilization o£ the medium. Other Lac tobac i 1 lus 
growth media may be used. In the preferred embodiment the LBS 
plates are overlayed with 10 ml of 1% liquified agar 
containing 0.50M glycerol and a Lactobaci llus plantarum 



reuter in-producing producing colonies, either replicate plates 
are prepared of all Lac tobac i 1 lus colonies growing on the 
initial LBS plates prior to further testing, using LBS Medium 
or another Lactobacillus growth medium, or Lactobacillus cells 
10 are transferred by any other technique from each of the 

colonies on the LBS plates to a growth medium before adding 

the overlay (replication procedure). After this overlay has 

• • 

solidified the plates are again incubated at 37 degrees C in 
anaerobic jars for 48 hr . Zones of growth inhibition of the 
15 seeded L_. plantarum are observed around the colonies that 
produce thq, antibiotic, reuterin, under these conditions. 

The identification of L. reuter 1 strains is confirmed 
using standard microbiological tests and the taxonomic 
characteristics of the species. I, • reuter i is a 

20 he terof ermentat ive species forming gas from glucose and 

gluconate and aceta te/ethanol from glucose. In the API 50 CH 
fermentation test (Analytab Products, Sherwood Medical Co., 
New Brunswick, NJ) it exhibits a positive reaction with 
ribose, arabinose, glucose, galactose, lactose, sucrose, 

25 melibiose and maltose (some strains also ferment xylose). The 
species has a guanine plus cytosine mol % of 39-41, lysine is 
the murein diaminoacid and the species grows at 45 degrees but 
not 15 degrees C. Strains having 80% or higher DNA-DNA 
homology with neotype strain, DSM 20016, can be found in the 

30 GI tract of animals. 

Using the methods of this invention, Lact6baci3 lus reuteri 
strain 1063 has been isolated from the swine gastro-intest ina 1 
tract and has been shown (discussed below) to be capable of 
producing much higher levels of reuterin than the other 
35 strains tested. Strains 1063 and strain DSM 20016 have been 
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inoculum. To insure isolation of the respective 
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deposited with the American Type Culture Collection, 
Rockville, MD ( ATCC Numbers 53608 and 53609, respectively 
(deposited April 17, 1987). 

The features and advantages of the present invention will 

5 be more clearly understood by reference to the following 

examples, which are not to be construed as limiting the 
invent ion . 



EXAMPLES 

EXAMPLE I 

10 Cultural Conditions for Production and Detection of 

Reuterln . When Lac tobac i 1 1 us reu ter 1 cells capable of 
producing reuterin are placed under certain favorable 
conditions, reuterin is produced. A number of assays have 
been developed to detect and quant itate reuterin ♦ , A standard 
15 Minimum Inhibitory Concentration (MIC) procedure was adopted 
to detect reuterin and to elucidate factors affecting its 
production. E » coll K12 is used as the susceptible test 
microorganism and the assay is carried-out as follows. 
Overnight cultures of E. coli are harvested, washed twice with 
20 sterile 0.05 sodium phosphate buffer (pH 7.5), suspended in 

this buffer and adjusted to 60 percent transmission (A 420 nm) 
using a Spectronic 70 instrument. This suspension is diluted 
1:100 and 0.1 ml aliquots are used to inoculate 1.0 ml of the 
MIC assay medium which contains (g/L): vitamin-free casein 
25 hydrolysate, 3; ammonium citrate, 1.9; citric acid, 0*63; 

KH2PO4, 12.6? MgS04 (hepta-hydrate ) , 0.2; pH adjusted to 7.0 
and 20 mM glucose added after sterilization. Sterile 1.0 ml 
portions of samples to be tested for reuterin activity are 
added to 1.0 ml of this inoculated MIC assay medium and 
30 thoroughly mixed to obtain a 1:2 dilution. Such dilutions are 
continued in serial fashion as needed. These cultures are 
then incubated for 24 hours at 37 degrees C and examined for 
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growth. Relative reuterin concentrations (units reuterin) are 
then calculated as the reciprocal of the sample dilution 
preceding the dilution allowing visible growth of the 
indicator cells. Another assay relating MIC values to 
reuterin peak heights as determined by HPLC analyses 
(described below) has also been developed. 



Under the conditions of the method of the invention L. 
reu ter i produces the antimicrobial substance of the invention 
termed reuterin. A number of he terof ermentat i ve and 
10 homof ermentat ive Lactobaci llus strains have been tested for 
reuterin production, and none, except L. reuter i , produce 
reuterin. 



Conditions under which reuterin is produced have been 
determined. Reuterin is not produced under aerobic conditions 
15 (atmospheric oxygen concentration) but under reduced oxygen 
tension. It is produced when L. reu ter i is cultured 
anaerobically (or semi-anaerobical ly in still culture) in the 
MIC assay medium described above containing 20-500 mM glycerol 

4 

or glyceraldehyde in place of glucose as the major carbon and 

20 energy source. Figure 1 shows production of reuterin under 
aerobic (curve 1_) and semi-anaerobic (curve 2) conditions in 
this glycerol medium. L. reuter i does not grow under these 
conditions but nevertheless produces reuterin. Twenty other 
substances, including hexoses, hexitols, pentoses, pentitols, 

25 disacchar ides and a variety of phosphory la ted and 

non-phosphory la ted C3-substances , were tested for their 
ability to support reuterin production. Table 1 shows the 
results of some of these tests. The medium, containing a 
substrate at 20 mM (Cg and C5 substrates) or 40 mM (C3 

30 substrates) concentrations, was inoculated with 5 x 10*> 

colony-forming units (CFU) per ml E. col i with and without L. 
reu ter 1 . Only glycerol and g lyceraldehyde y ielded reuterin. 
Also, reuterin production from glycerol is inhibited when 
glucose or another growth substrate is included in the 

35 production medium. The results shown in Table 2 indicate the 





_ -13- _ 

WO 88/08452 PCT/US88/01423 

percent Inhibition in viable count of a 6.7 x 10 7 CFU per ml 
E . col i inoculum by supernatant fractions of L. reuter i grown 
on various indicated substrates at 40 mM concentrations. 

Reuterin can be produced in two ways. One procedure is 
5 designated as the homologous method and the other as the 

heterologous method. The homologous method employs L. reuter i 
cells incubated in still culture at 37 degrees C in a 250 mM 
glycerol solution. For example, 1 liter of L. reuter i cells 
may be grown for 24-48 hours at 37 degrees C in Lactobaci llus 
10 Carrying Medium ( LCM ) . LCM contains (g/L): Trypticase, 10; 
yeast extract, 5; Tryptose , 3; KH2P04, 3; ammonium citrate, 
1.5; sodium acetate, 1.0; salts (as in LBS) cysteine- HCL, 
0.2; and Tween 80, 1 ml. The pH is adjusted to 7.0* Glucose 
(20 mM final concentration) is added after sterilization. The 
15 cells are harvested by cen tr i f ugat ion , suspended in 10 ml of a 
250 mM glycerol solution, incubated for 6 hours at 37 degrees 
C in still culture, and then removed by centr if ugation . 
Reuterin is present in this, supernatant fraction. This 
procedure and its many obvious variations (e.g., altered cell 

* 

20 concentrations and incubation times) provides a simple and 
effective way to produce reuterin. 

The heterologous method involves co-culturing L. reuter i 
together with certain other (heterologous) 

reuter in-stimulating microorganisms. In this procedure, for 
25 example, lower concentrations of L. reuter i (e.g., 20-300 ug 

cell dry weight per ml) are suspended in a gly cerol-conta ining 
culture medium (as described above) together with cells of a 
viable heterologous microorganism (e.g., E. col 1 K12) and 
incubated as described above. At viable cell ratios (CFU 
30 coli per ml /CFU L . reuter i per ml) of 0.5 or higher, 

reuterin is produced at a stimulated rate (relative to the 
absence of the heterologous microorganism) and the production 
rate per L. reuteri biomass.unit increases in direct proportion 
to the biomass of the M e trologoup microorganism. This 
35 discovery of the role heterologous microorganisms play in 
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reuterin systhesis was a key to the de velopmein t of the 
"feedback regulation" model described below. This 
"heterologous" cell stimulation appears to require cell to 
cell contact between viable cells because this stimulation 
does not occur when the two species are separated from each 
other by a dialysis membrane in an otherwise identical 
co-culture system (Table 3). The possibility that the 
heterologous species is involved at least in part by lowering 
the redox potential in the reuter i microenv i ronmen t and 
thereby stimulating reuterin production has not been ruled out 
as contributory to this stimulatory effect. Reuterin 
production is not stimulated if the heterologous IS. col 1 is 
not viable (Table 4) or if L. reuteri is not viable. 
Reuterin production by the heterologous method does not depend 
on the ability of the stimulatory organism to metabolize 
glycerol. -Mutants of E. col i unable to metabolize glycerol 
stimulate reuterin production as effectively as wild-type 
cells. 



Reuterin is produced under the physiological conditions 
that occur in living animals. Reuterin production (using the 
heterologous method) is initially rapid and proportional to 
the L. reuteri biomass (Figure 2) but thereafter, production 
rates per biomass unit decrease presumably owing to a decrease 
in the viable cell (E. col i /L . reuteri ) ratio and/or the 
sensitivity of L. reuter i cells to the higher concentration of 
reuterin produced under these conditions. As also seen in 
Figure 2, L. reuteri strain 1063 (X) produces greater amounts 
of reuterin by the heterologous method than does the neotype, 
strain 20016 (O). Reuterin resistant mutants of L. reuter 1 
may produce even higher levels of reuterin. Reuterin 
production occurs at maximal rates at temperatures between 25 
and 37 degrees C. Figure 3 shows the effect of incubation 
temperature on reuterin production during semi-anaerobic 
incubation of L. reuteri in a glycerol medium at 4, 25, 37 and 
45 degrees C. Reuterin is produced in the pH range 5 to 9 
with optimal production at pH 6-8. Figure 4 shows the effect 
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of culture pH on reuterin production during semi -anaerobi c 
incubation of L. reuter i with E. col i in a glycerol medium for 
3 hours (curve 3) and 24 hours (curve _4 ) . To date all three 
strains of L. reuter i tested produce reuterin: the neotype, 

5 DSM 20016, ATCC 27273 (previously classified a$ L. f ermentum ) 
and the newly isolated strain 1063. All three strains produce 
reuterin by the homologous procedure (Table 5). Reuterin 
production by the heterologous procedure varies among these 
strains in the following manner: production is greatly, 

10 moderately and only slightly stimulated by the heterologous 

microorganism for strains 1063, 27273 and 20016, respectively. 



EXAMPLE II 



Characteristics of the Antibiotic . Reuterin production 
occurs in the absence of a pH change in the culture medium and 
15 in the presence of exogenously added catalase. Its 

antimicrobial activity is therefore not associated with 
well-known end products of lactic acid fermentations such as 
lactic and acetic acids or hydrogen peroxide or with other 
acidic substances found by others (24, 25). Reuterin remains 
20 in the culture fluid after removal of the cells by 

centr if ugat ion or filtration. Reuterin can be separated from 
the culture medium and purified by HPLC using water 
(deionized) or 10 mM H2SO4 as solvent systems and C-18 
solid-phase columns. Reuterin and other products present are 
25 detected during HPLC using a refractive index ( RI ) detector 
system. An RI peak exhibiting MIC activity elutes in this 
system between glycerol and 1 , 3-propaned iol . When 14q 
(uniformly labled ) glycerol is used in the reuterin producing 
system, the reuterin recovered by HPLC is 14 C-labeled showing 
30 that this substance is (at least in part) a water soluble 
derivative of glycerol. 
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EXAMPLE III 



Antimicrobial Act i vi ty . Reuterin is a broad-spectrum 
antimicrobial agent. Reuterin functions as a bacter iocide . 
Production of reuterin and evidence of its powerful 
5 bacteriocidal activity are both clearly demonstrated by the 
data summarized in Figure 5. The indicated concentrations 
(CFU per ml) of jE. col i (solid lines) and L. reuter i 1063 
(dashed lines) were inoculated (zero time) into the glycerol 
casein hydrolysate medium described above (o), the same medium 
10 minus citrate (•) and the same medium minus glycerol (X). The 
co-cultures were incubated semi -anaerobically (still cultures) 
at 37 degrees C with samples removed at the indicated 
intervals to determine the numbers (CFU per ml) of E. col i and 
L. reu ter i present. It can be seen from these data that when 
15 glycerol was present a substance was produced during the first 
3-4 hours which resulted in a 7-8 log decrease in viable E. 
col i cells during the next few hours. All Gram-negative 
bacterial genera tested thus far ( Escherichia , Shigella , 
Salmonella , Proteus and Pseudombnas ) and all Gram positive 
20 genera tested ( Staphylococcus , Streptococcus , Clostridium , 
Bacillus , Leuconostoc and Lactobacillus ) are sensitive to 
reuterin. Somewhat higher concentrations of reuterin are 
required, however, to kill representatives of the latter three 
genera. A lower eucaryote, the yeast Saccharomy ces 
25 cerevisiae , is also killed by reuterin. These discoveries are 
summarized in Table 6. Also shown in this table is the 
ability of various species tested to stimulate reuterin 
production by the heterologous procedure. It is also noted 
that L. reuter 1 itself is sensitive to reuterin if exposed to 
30 concentrations of 32 MIC units or higher. We also have data 
showing that reuterin (at a final concentration of 
approximately 20 MIC units ml" 1 ) inhibits in vitro growth of 
the protozoan parasite that causes Chaga 1 s disease, 
Trypanosoma cruzi . Whereas control cultures exhibited normal 
35 growth and behavior, reuterin treated cells lost motility and 
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ability to divide and exhibited a morphological "rounding- 
up, M indicating loss of viability. 



EXAMPLE IV 



Antiviral Activity . Reuterin is also effective in 
5 preventing virus replication. Figure 13 shows the results of 
experiments in which 0 to 50 units per ml of reuterin were 
added to growing bacterial cells of either Escherichia col 1 or 
ffo Lactobacillus plantarum infected with bacterial viruses 

^ ^tfi^S^^ (Lambda phage or phage 8014-B2, respectively)^ It appears 

10 from preliminary results with 14 C-labeled glycerol that 4 ug 
of reuterin in 0.5 ml solution is about the equivalent of 1 
unit of reuterin. After four hours, the number of 
colony-forming units (CFUs) of the host cell and the number of 
plaque-forming units (PFUs) of the viruses were assayed using 
15 standard microbiological techniques. With no reuterin added, 
the number of microbial cells had increased about 100-fold in 
the four-hour period. With E. coli , addition of 10 units of 
reuterin caused an approximate 100-fold decrease in the number 
of cells and more than a 1000-fold decrease in the number of 
20 PFUs of the lambda phage as compared to the reuter in-free 

control culture after incubation for four hours. Although the 
Lactobacillus CFU and PFU decreases due to reuterin were less 
spectacular and required higher reuterin concentrations than 
with E. col i , a similar pattern with even greater declines in 
25 the PFUs than in the CFUs was observed at reuterin amounts at 
or greater than 25 units. These results show that reuterin is 
effective in inhibiting virus production and this 
effectiveness is above and beyond the effect of reuterin on 
the bacterial host cells. 
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EXAMPLE V 



Probiob ic Act i v i ty . When Lactobaci llus reuteri is fed 
to swine, it is capable of colonizing their ga s t ro- i n te s t i na 1 
tract. In preliminary experiments, L. reu te r i 1063 cells at 
5 concentrations ranging from 10^-10^° CFU per animal were 

included in the diets of newborn piglets and viable L.* reu te r i 
1063 cells were recovered from the stools of these animals. 
These L. reuter i inoculations had no adverse effects on the 
animals . 

10 Experiments using either adult pigs, piglets (less than 

5-days old) or gnotoblotic piglets were performed in which 
large quantities (about 10 9 cells) of L.. reuteri strain 1063 
cells were fed to the animals. After 5-7 days, sufficient L. 
reuter i cells were still recovered from the animals' feces 

15 showing that L. reuteri survived passage through the GI tract 
and remained long enough in the animal to indicate that 
colonization has occurred and that reuterin may be produced. 
Reuterin production by L. reuter i strain 1063 would be 
expected in the environment of the Gl-tract, this tract being 

20 the environment from which the L. reuter i strain was 

originally isolated. Certain media components or other 
substances such as glycerol that are conducive to reuterin 
production by L. reuteri may be added to the animal food to 
optimize the conditions for reuterin production in the 

25 Gl-tract. Lac tobac i 1 lus reu ter i strains isolated from a 
variety of species of animals Including birds (the term 
"animals" clearly Includes humans and birds), may be fed in 
quantity to the animal species from which the strains were 
isolated or to animals of species other than the one from 

30 which they were isolated. 
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Inhibition of Ribonucleotide Reductase . Reuterin 
inhibits ribonucleotide reductase, the first step in 
deoxyribonucleic acid ( DNA ) synthesis. In nature there ir, 
5 only one pathway for deoxy ribonucleotide synthesis, namely the 
direct reduction of the corresponding ribonucleotides. 
Deoxyribonucleotides are highly specialized metabolites and 
serve only as building blocks for DNA. The enzyme which 
catalyzes the reduction of ribonucleotides to 
10 deoxyribonucleotides is ribonucleotide reductase. This 

reduction is the first prerequisite step in DNA synthesis and 
thereby plays an essential role in growth and multiplication 
of procaryotic and eucaryotic cells and viruses. 

15 The evidence that reuterin inhibits ribonucleotide 

reductase (EC 1.17.4) activity was obtained using the 
procedure described by Thelander, Sjoberg and Eriksson in 
Methods in Enzvmology (Volume LI), pp. 227-237, 1978. 
Purified Bl and B2 subunits of the enzyme, encoded by the nrdA 

20 and nrdB genes, were used and the spectrophotometr ic assay was 
employed as described by the above authors. Briefly, this 
procedure is as follows: The enzyme was incubated at 25°C in a 
reaction mixture containing 200 nmoles ATP, 1.6 umoles MgCl 2 , 

80 nmoles NADPPH, 5 umoles 
25 N-2-hydroxyethyl-piperazine-N* 2-esthanesu If onic acid buffer 
(pH 7.6), 300 pmoles thioredoxin, 40 pmoles thioredoxin 
reductase, 10 nmoles EDTA , and 65 nmoles d ithiothreitol in a 
final volume of 0.13 ml. The reaction was started by the 
addition of 75 nmoles CDP, and the oxidation of NADPH was 
30 monitored at 340 nm with a Zeiss automatic recording 

spectrophotometer equipped with microcuvettes . Before 
addition of CDP , the background oxidation of NADPH was 
recorded and this background was subtracted from the NADPH 
oxidation observed after addition of CDP. 
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The reuterin used in these tests was prepared by the 
homologous method and contained 256 MIC units of activity per 
ml. Undiluted and various dilutions of reuterin were added 
(in 1 ul amounts) to the reaction mixture to determine the 
5 effect of this substance on ribonucleotide reductase activity. 
The results of this experiment are summarized in Table 7. 
They show that reuterin is an effective inhibitor of the Bl 
subunit of this enzyme. It was also noted that thioredoxin 
(required for enzyme activity) was also sensitive to reuterin. 

10 The ability of reuterin to inhibit growth of bacteria, 

yeasts , molds, protozoa, viruses and neoplastic and normal 
animal cells can thus at least in part be attributed to its 
ability to inhibit DNA synthesis by inhibiting de novo 
production of deoxyr ibonucleot i des . 

15 EXAMPLE VII 



Reuterin is an effective food preservative * Ground beef 
purchased from a local supermarket was divided into 4 
portions. One portion was untreated, the others were treated 
with 10, 50 and 100 units of reuterin per gram of the meat. 
20 All samples were stored at 4 degrees C with samples taken at 
indicated days for bacteriological analysis. 

Beef samples were removed and diluted 1:10 (1 g beef: 9 ml 
sterile H2O) . Subsequent decimal dilutions were made as 
needed and samples were plated onto Difco Nutrient Agar. 
25 These samples were incubated at 27 °C for 24 hours and counted 
as colony forming units per gram ground beef (CFU/g). The 
data show that reuterin significantly reduced the CFU/g 
(Figure 14) ( □ , control; 10 units reuterin; * 

50 units reuterin; and O , 100 units reuterin). With the 
30 higher levels of reuterin (50 and 100 units per g) the 

indigenous population of bacteria was reduced and remained 
grea ter than 4 log units lower than the control sample through 
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Ground beef purchased from a local supermarket was 
thoroughly inoculated and mixed with approximately 10 5 CFU/ml 
of E^ col i K12 cells. After mixing, the material was divided 

5 into 2 portions. One portion was an untreated control (no 
reuterin), the other portion received 75 units (U) of 
reuterin per gram of beef. Samples were stored at 4°C with 
portions removed at indicated times for bacteriological 
analysis. In this experiment the determination of viable 

10 cells (CFU/g beef) was conducted as described for Figure 14 
except that Difco McConkey 1 s Agar (relatively specific for 
colif orm-like bacteria) was used. It can be seen in Figure 15 
(_D_, control; 75 units reuterin) that reuterin 

reduced the initial population of bacteria and kept these 

15 numbers low throughout the 9-day incubation period. 



EXAMPLE VIII 

Lac tobac i 1 lus reu ter i plus glycerol constitutes a novel 
effective food preservation process. Evidence for this was 
obtained using storage of fish as a model system. This study 
20 was conducted as follows: Fish fillets (Herring, Clupea 

harengas ) were dipped in the following treatment solution: 



control: no treatment 

glycerol: 250 mM glycerol solution 

strain 1068: 250 mM glycerol solution containing 
25 4xl0 9 CFU per m i l. reuter i 1068 (a 

non-reuterin producing strain) 

strain 1063: 250 mM glycerol solution containing 

4xl0 9 CFU per ml L. reuter i 1063 



The fillets (2 parallel samples each) were kept in large Petri 
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dishes at 8°C for 4 days in a refrigerator. The ammonia 
content and CFU of relevant bacteria (i.e., spoilage 
pseudomonads and added lac tobac i 1 1 i ) were then analyzed to 
evaluate the shelf-life of the food product. The results 
5 summarized in Table 8 indicate: 

(i) the added lactobacilli ( counted as total 

lactobacilli using glucose Lactobacillus Selection 
Med turn , described earlier) and the L . reuterl CFU 
(counted as total he terof ermenta t i ve lactobacilli 
10 detected using L-arabinose Lactobacillus Selection 

Medium) survive well at 8°C but do not multiply to 
any significant extent. 

(ii) L*. reu ter i 1063 significantly retarded growth of the 
spoilage pseudomonads. L. reu ter i 1068 did so to 
15 some extent but not enough to prevent spoilage 

which is generally indicated by a log 8.4 
pseudomonad count . 

(iii) the retarding effect of L. reuter i and glycerol on 
spoilage bacteria has a strong reducing effect on 
20 ammonia liberation. 

(iv) a food preservative effect of L. reu ter i plus 
glycerol is indicated for all kinds of food 
spoi lage • 



EXAMPLE IX 



25 Reuterin Is a Product of Glycerol Fermentation . Reuterin 

is a new product associated with the same type of heterolactic 
fermentation of glycerol that occurs in other Lac tobac i 1 lus 
species. Reuterin can be isolated and identified as a product 
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of glycerol fermentation by L. reuter 1 using HPLC. Glycerol , 
1 , 3-propanediol and -hydroxypropionlc acid (all pure 
commercial preparations) were shown to be essentially devoid 
of antimicrobial activity when tested in concentrations as 
5 high as 0.125M. 

The production by L. reuter i of reuterin plus 
1 , 3-propanediol and ^-hydroxypropionlc acid during the 
fermentation of glycerol was established using HPLC analysis. 
Representative data are shown in Figure 6. To prepare the 
10 sample, one liter L. reuter i culture (grown in LCM containing 
20 mM glucose at 37 degrees C for 48 hours) is harvested by 
centr if ugation , washed twice with sterile sodium phosphate 
buffer (pH 7.5) and suspended in 10 ml of 0.25M sterile 
glycerol. After 6 hours incubation at 37 degrees C, the cells 

15 are removed by centr ifugat ion and the supernatant fluid 

(hereafter referred to as the sample) is analyzed for reuterin 
by the MIC test described earlier and by HPLC as described 
below. In some experiments 5 uCurles of 14 C(U) glycerol were 
included with the 0.25 M glycerol. Samples were passed through 

20 a 0.2 to 0.45 micron bacteriological filter and stored 

aseptically at 2 degrees C prior to injection into the HPLC 
apparatus . 

The HPLC analysis was performed as follows: a 20-100 ul 
fraction of each sample was injected into a Beckman HPLC 
25 apparatus fitted with a single or two tandem C-18 analytical 
columns. The samples were eluted with d is t i lled-deionized 
water passed through a 0.2 to 0.45 micron filter. Elution 
rates were 1.0 to 1.5 ml per min and the samples were 
monitored using a Waters 410 differential re f Tactometer . 

30 Refractive index ( RI ) changes were automatically recorded and 
plotted as RI (ordinate) vs. elution volume/time (abscissa) 
proceeding from right to left on the graphs shown. The total 
elution time for each sample was approximately 15 minutes, 
with peaks 1, 2 and 3 eluting at approximately 8, 7 and 6 

35 minutes respectively. 
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HPLC analyses of samples prepared as described above and 
eluted with water are shown in Figures 6A-6E . Included here 
are samples prepared using L. reuter i 1063 at 128 and 512 MIC 
units (graphs 6A and 6B respectively) , L. reu ter i 200J6 (graph 
5 6C) and L. reuter i ATCC 27273 (graphs 60. and 6E). Only 

substances designated as peaks 1, 2 and 3 were identified in 
these elutions. Peaks 1 and 3 were identified as 
1 , 3-propanediol and glycerol by use of reference standards and 
by IR spectral identification of the isolated peaks 
10 respectively. Under these conditions, Peak 2 always elutes as 
the characteristic broad peak seen in these graphs, and it is 
the only substance eluting from the samples which has 
biological activity as determined using the MIC assay. It is 
thus identified as the antimicrobial substance termed 
15 reuterin. Three further analyses support the conclusion that 
peak 2 is reuterin. First, the amount of material present in 
peak 2 increases in direct proportion to the MIC value of the 
original sample. This is seen in graphs 6A and 6B 
representing reuterin produced by L. reuter i 1063 in samples 
20 having *MIC titers of 128 and 512 respectively. Second, all L. 
reuter i strains tested thus far produce reuterin determined by 
MIC assay and in each case peak 2 is present (sqe graphs 
6A-6E). All other Lac tobac i 1 lus species tested to date lack 
comparable biological activity (MIC assay) and when analyzed 
25 by H PLC exhibit little or no material eluting in the peak 2 

region. Third, a spontaneous variant or mutant of L. reu ter i 
ATCC 27273 has been isolated and purified. This variant 
produces considerably lower levels of reuterin (as determined 
by the MIC assay), shows weak to no inhibitory zones in the 
30 glycerol-E. coli overlay plate assay and as seen in graph 6E 
produces much less of the substance eluting in the peak 2 
region as compared to its parental (wild-type) strain (graph 
6D) . 

When 0.01M H2SO4 was used as the elution solvent, a fe- 
35 hydroxypropionic acid peak was resolved as seen in Figure 6F. 
The sample used in this experiment was obtained from strain 
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1063 and had 1024 MIC units of reuterin. When 1 4 C ( U ) -glycerol 
was included in an essentially identical experiment separated 
by HPLC using 0.01 M H2SO4 as solvent and collected as 
separate peaks for radioactivity determinations (Packard 

5 Liquid Scintillation Spectrometer) the following results were 
obtained: 25,777; 40 , 776 ; 53 , 228 and 61,428 total cpmwere 
recovered as ^-hydroxypropionic acid (peak 4), 
1 , 3-propaned iol (peak 1), reuterin (peak 2) and unused 
glycerol (peak 3), respectively. These results and analytical 

10 data on reuterin presented below indicate that glycerol is 
fermented under these conditions according to the following 
reaction : 

5 glycerol --> 2 1 , 3-propaned iol + 1 ^ -hydroxypropioni c 

acid + 1 reuterin 



15 EXAMPLE X 

Preliminary Reuterin Characterization. Charac ter i zat lone 
of reuterin in crude preparation^ indicated that it is highly 
soluble in water, resistant to nucleases and proteases and 
labile to heat (100 degrees C for 10 minutes) particularly at 
20 pH values of 9.0 or higher. Reuterin is clearly not a 
bacteriocin. Preliminary analytical analyses have been 
conducted on essentially pure reuterin (with some glycerol 
present) isolated by HPLC as described above. Samples were 
submitted to the Research Triangle Institute (Research 
25 Triangle Park, NC ) and the Department of Chemistry (N.C. State 
University, Raleigh, NC ) for mass, nuclear magnetic resonance 
and infrared spectral analyses. These data are summarized in 
Figures 7-11. The LCMS analyses were performed on a Finnigan 
4500 HPLC/MS system using a Vestec Interface. Separation was 
30 effected using the Aminex 87H column as with an eluent flow 
rate of 0.8 ml/mn. Both the positive ion (Figure 7) and the 
negative ion (Figure 8) mass spectra (relative intensity 
plotted on the ordinate axis, mass to energy charge, m/e 
value, on the abscissa axis) indicated a molecular weight of 
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approximately 162 grams per mole* This preliminary 
information together with (i) the radioisotope analyses 
described above and (ii) the observation that reuterin gives a 
positive Schiff's reaction (indicating presence of an aldehyde 
functional group) indicated that reuterin has a molecular 
formula of C5Hio°5 and the following structure: 




The infrared spectral analysis shown in Figure 9, the 
carbon nuclear magnetic resonance ( NMR ) spectral arralys'is 
shown in Figure 10 andthe 250 megallertz proton NMR analysis 

10 shown in Figure 11 are consistent with this proposed structure 
for reuterin. These NMR spectral data are computerized plots 
of radiation absorption (ordinate axis) versus magnetic field 
sweep ( abscissa . ax is ) . Information on the exact structure was 
obtained when large quantities of absolutely pure reuterin 

15 became available. 



Based on the carbohydrate-like structure for reuterin 
postulated from the preliminary data, including an aldehyde 
carbon on one end of the molecule and an alcohol carbon at the 
other end, the existence of this substance as a hemiacetal 
corresponding to reaction between the aldehyde group and the 
terminal hydroxy 1 group was indicated- A three dimensional 
molecular model of such a structure revealed a molecule 
bearing close resemblance to a pentose such as D-ribose. 



25 



On this basis it was postulated that reuterin could be a 
D-ribose analogue able to compete with ribonucleotides for 



* 
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their r ibose -recogn i t i on site(s) on the first enzyme 
specifically involved i ri DMA synthesis, ribonucleotide 
reductase. Reuterin thus could inhibit the first step 
specific for DN A synthesis by inhibiting the conversion of 

«-j ribonucleotides to deoxy r i bonuc 1 eot i des . If reuterin were a 

pentose analogue and bound at the reductase site, it would be 
expected to bind preferentially in fast-growing malignant 
cells such as cancer cells. These propositions are consistent 
with (i) the proposed structure of reuterin, (ii) the speed 

"10 with which reuterin exerts its bacteriocidal effect 

(experimental data demonstrate inhibition of E. col i growth 
shortly after addition of reuterin) and (iii) the fact that 
both procaryotes and eucaryotes (£. cere v is iae and 
Trypanosoma cruzi ) are sensitive to reuterin. Thus, reuterin 
15 could be considered to be an anti-fungal, anti -parasite , 

anti-viral and anti-cancer agent ,is well as an antibacterial 
agen t . 

EXAMPLE XI 



A 



Production of purified reuterin for chemical analysis . 

20 \% inoculum of overnight culture of Lactobacillus reuteri 

106 3 (1) was grown in modified Lactobacillus Carrying Med i urn 
with glucose (LCMG) for 24 hours. Modified LCMG consists of 
the following per liter of solution: 5 g yeast extract, 10 g 
trypticase, 3 g tryptose, 3 g potassium phosphate (monobasic), 

25 3 g potassium phosphate (dibasic), 2 g ammonium citrate, 1.15 
g sodium ace t a t e . 3 H 2 0 , 5 mg magnesium su 1 f a te . 7H 2 0 , 0.3 1 mg 
raanganous sulfate, 0.2 mg ferrous su If ate . 7H 2 0, and 0.5 mg 
L-ascorbic acid. This medium was then autoclaved and 10 ml of 
filter sterilized 2 M glucose were added to the cooled medium. 

30 Cells of L. reuteri were harvested by centr if ligation at 4000 X 
g for 10 minutes and washed twice with 50 mM sodium phosphate 
buf tie r ( pH 7.5). 

After washing, L . renter i was suspended to a 
concentration of 10 mg eel ls/ml de ionized water. Sterile 
35 glycerol was added until a concentration of 250 mM was 
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achieved. This cell suspension was then incubated at 37 
degrees C for 3 hours in order to produce and accumulate 
reuterin. Cells were then pelleted at 4000 X g for 10 min and 
discarded. The supernatant fluid was filtered through a 0.45 
5 micron filter (Acrodisc) to remove remaining cells and 
subsequently used for isolation of reuterin. 

The purification of reuterin was accomplished using a 1 X 
30 cm glass column packed with AG 50 W, 8% crosslinked, -400 
mesh resin from Biorad (Richmond, California). A solvent 
10 composed of 60% acetoni trile/40% distilled deionized water 

containing 1.1 g tr if luoroacetic acid per liter was delivered 
via a Beckman 110 A HPLC pump. The solvent flow rate was 1.5 
ml/min and detection was accomplished with a Waters 410 
differential ref Tactometer using a sensitivity of 2x and a 

15 scale factor of 5. 400 ul of supernatant fluid was injected 
using an Altex 210 injector (Beckman) with a 500 ul sample 
loop and fractions were collected manually* Fractions were 
then rotavaporated under aspiration at ambient temperature to 
remove acetoni trile . Samples were subsequently lyophilized to 

20 dryness using a Virtis 10-030 lyophilizer. Purity was 

assessed by passing portions of the fractions through an 
Aminex 87H analytical column (Biorad)* 

The first of two fractions eluted from the column at 15 
and 19 min and reuterin was found to be present in the first 

25 peak. The second fraction had an elution time of 

approximately 19 min. The front portion of the reuterin 
containing fraction contained a heavy shoulder which was 
assumed to be betahydroxypropionic acid and was therefore not 
collected. The middle portion of the reuterin peak was 

30 collected and dried by rotavapora t ion followed by 

lyophilization . This process produced a water white, viscous 
liquid which when rechroma tographed under analytical 
conditions using an Aminex 87H column, produced a single peak 
which coeluted with the activity peak. The collected fraction 
35 also contained bacter iocidial activity as determined by MIC 
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assay. No other collected fractions showed bacteriocidal 
activity. The purified fraction was also subjected to 
analysis for the presence of proteins using the Bio-Rad 
protein assay (Bio-Rad, Richmond, Ca ) . The presence of 
5 protein could not be detected. 




EXAMPLE XII 

Fourier Transform Infrared Analysis of Purified Reuterin . 
Reuterin was subjected to Fourier Transform Infrared Analysis 
( FT I R ) to determine the chemical groups present within the 

10 molecule. The samples were analyzed on a Perkin Elmer 1550 
FTIR with a Perkin felmer 7500 Data Station. The results 
obtained are shown in Figure 16. It can be seen that the 
molecule contained hydroxyl functionality as inferred by the 
presence of a large C-O stretch band at 1050-1150 cm""* and a 

15 broad O-H stretch band at 3450 cm" 1 . A C = D stretch indicative 
of aldehydes was observed at 1730 cm -1 . Typical alkane C-H 
stretches were present at 288Q and 1380 cm" 1 . 

EXAMPLE XIII 

Llqu id Chromatography /Mass Spectrometry . Analysis of 
20 purified reuterin LC separation was accomplished on an Aminex 
87H analytical column (Biorad, Richmond, California) with a 
flow rate of 0.8 ml/min of 65% distilled deionized water and 
35% acetonitrile containing 1.0 gm of concentrated sulfuric 
acid per liter. The solvent stream was mixed with 0.3 M 
25 ammonium acetate post column and introduced via a Vestec 
interface (Vestec, Houston, Texas) into a Finnigan 4500 
HPLC/MS system (Finnegan, San Jose, California). Positive ion 
detection was employed with a vaporizer temperature of 210°C 
and a source temperature of 250°C. The electron energy of the 
30 source was lOOOeV. 
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LC/MS analyses were carried out on reuterin with post 
column addition of ammonium acetate . The base peak occurred at 
166 M/E units as is indicated by the data shown in Figure 17. 
This ion was interpreted to be the ammonium adduct of the 

5 molecular ion. This would indicate a molecular weight of 148 
which corresponds to the molecular weight of reuterin. The 
signal at 148 was predicted to be a loss of water from the 
adduct ion and the signal at 130 represented the adduct ion 
with the loss of two molecules of water. The signal present ^ 

10 101 was believed Vo be from the background solvent effects. 



EXAMPLE XIV . 

Nuclear magnetic resonance spectroscopy of purified 
reu ter in . Proton and carbon NMR studies were carried out in 
both deuterium oxide and deuterated methanol from Aldrich 

15 (Milwaukee, Wis). Proton NMR was run on a Bruker WM 250 

FTNMR (Bruker) operated at 250 MHz. Carbon 13 spectra were 
generated on an IBM Nft-100 AF FTNMR (IBM Instruments, San 
Jose, California) operated at 25 MHz with a superconducting 
magnet. Data processing was accomplished on an Aspect 3000. 

20 In the NMR studies in deuterium oxide, Carbon 13 NMR spectra 
possessed six signals at chemical shifts of 40.1, 46.3, 56.2, 
58.7, 89.7, and 207.7 ppm. The signal at 207.7 ppm was 
interpreted as an aldehydic carbon, those at 89, 58, and 56 
ppm as oxygen linked, and those at 46 and 40 ppm as aliphatic 

25 moieties. 

The carbon and proton spectra are presented in Figures 18 
and 19. Decoupling as well as signal splitting patterns led to 
the initial proposal of the structure shown in Figure 20. The 
proton signal at 9.5 ppm (carbon 1) was found to be affected 
30 when the signal at 2.6 ppm (carbon 2) was saturated. Protons 
associated with carbon 2 split into what appeared to be a 
triplet but upon close examination was actually seen as a 
sextet (triplet split by non-equivalent proton on carbon 1). 
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The coupling pattern of protons on carbon 2 was found to be 
altered by saturation of signals at 9*5 and 3.7 ppm (carbons 1 
and 3) and therefore was predicted to exist adjacent to both 
carbons 1 and 3. The splitting pattern of the signal at 3.7 
5 ppm (carbon 3) is a triplet and was affected by saturation of 
the signal at 2.6 ppm. These patterns fit the predicted 
structure proposed for carbons 1, 2, and 3 as CHO-CH 2-CH 2-0-H . 

The proton signal at 5.0 ppm (carbon 4) appeared as a 
triplet and was affected only by saturation of the signal at 

10 1.6 ppm. Saturation of signals at 5.0 and 3.5 ppm led to 

alterations in the splitting pattens at 1.6 ppm (carbon 5). 
The protons on carbon 5 possess a complicated splitting 
pattern which was assessed as a quartet. Protons giving rise 
to the triplet at 3.5 ppm (carbon 6) were affected only by 

15 saturation of the signal at 1.6 ppm (carbon 5). Signal 

patterns and chemical shift data for this half of reuterin led 
to prediction of the structure R-O-CHOH-CH 2-CH 20H associated 
with carbons 4, 5 and 6. The hemi-acetal oxygen present in 
the middle of the molecule (Figure 20) would prevent coupling 

20 of the two halves as was observed. Proton chemical shifts of 
the predicted structure fit those for known values. 

The breadth of the signals at 1.7, 3.6, and 5.0 ppm 
prevented calculation of the area under each peak used for 
determining the number of protons giving rise to each signal. 
25 Such breadth may be the result of related or transient forms 
of the molecule existing in equilibrium when water is used as 
the solvent. 

The signal pattern of reuterin in deuterated methanol was 
distinctly different from that observed in deuterium oxide. 
30 The carbon-13 pattern contained only 3 sets of signals at 

36.8, 58.9, and 103.9 ppm. Carbon-13 signals around 104 ppm 
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had been observed in d isacchar ides such as lactose for the 
carbon shown below: 

t ^ C CH,0H ^.4*t*ir P «s 




C. CH 2 0H 



The proton spectra determined in deuterated methanol also 
contained 3 sets of signals occuring around 1.8, 3.6, and 4.5 
5 ppm with a ratio of peak areas of 2:2:1 respectively. The 

carbon-13 and proton spectra are presented in Figures 21 and 22 
respectively. A hydrogen ratio of 2:2:1 was suggested due to 
the relative peak areas of the proton spectra. The proton 
signal present at 1.8 ppm exists as a quartet and coupling 

10 studies indicated its presence as adjacent to the carbons 

containing protons giving signals occurring at 3.6 and 4.5 ppm. 
Signals found at 3.6 and 4.5 ppm both exist as triplets and 
coupling experiments imply only interaction with protons with 
a signal at 1.8 ppm. The structure shown in Figure 23 was 

15 proposed to correspond to this set of data (including the 
carbon-13 signal characteristic of d isacchar ides ) . 



EXAMPLE XV 



Gas chromatography /mass spectrometry of purified 
%P reuterln . ^Trimo thy 1 - s ila -^iuw was carried out with N,0-bis 

20 (Trimethy lsilyl ) tr i f luoroace tamide ( BSTFA ) (Pierce Chemcial 
Co., Rockford, 111.). Two ml of crude reuterln extract were 
purified by semipreparat i ve chromatography as described above 
and lyophilized to dryness. p.ne itjI p.f BSTFA was added to the 
lyophilized reuterln and the^- s l'lanl sat ion reaction was carried 
25 out at ambient temperature. The sample was shaken gently by 
hand for 5 min until a white precipitate was detected. Just 
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enough HPLC-grade acetonitrile {Fisher Scientific, Raleigh, 
North Carolina) was added to dissolve the precipitate. The 
sample was then sparged with nitrogen, sealed in a screw top 
vial and submitted for gas chroma tography-mass spectrometry. 

5 A Hewlett Packard 59858 GC/MS (Hewlett Packard, San Jose 

California) was used in studies on silylated reuterin 
derivatives. GC conditions were a flow rate of 1.1 ml/min and 
an injection temperature of 280 degrees C. The program used 
for analysis consisted of an initial hold period for 3 min at 
40 degrees C with a ramp to 260 degrees C at 6 degrees C 
per min. The column chosen to effect separation was a 15 M 
DBS fused silica capillary column from J & W Scientfic 
(Folsum, California). The mass range was 40-400, an ion source 
temperature of 200 degrees C, electron energy of 70 eV, 
electron impact ionization with splitless injection and a 
split time of 0.8 minutes. 



10 



15 



Reuterin was found to be unstable at the high 
temperatures, present in the GC fnjector. a stable reuterin 
derivative was produced u pon -s- H an £z a b 1 o ft with BSTFA at 
20 ambient temperatures. Chromatography of the derivatized 
sample produced a complex GC trace (data not shown) but 
compounds with an apparent molecular weight of 292 (148 plus 2 
trimethylsilyl groups) were found at retention times of 
between 9 and 14 min. Two peaks were identified as possible 
25 isomers (retention time of 11.7 and 13.3 min). A 

monosilylated derivative was discovered at a retention time of 
9.3 minutes and its spectra is presented in Figure 24. The 
fragmentation pattern of this compound consists of signals at 
205, 177, 163, 147, 130, and 115 M/E units. * reuterin 
molecule containing one TMS group (mw=220) could undergo loss 
of a methyl group to produce an M/E value of 205. The fragment 
at 147 units could conceivably have come from the loss of the 
TMS group but the pattern of fragments around M/E of 147 
indicated the presence of the silicon, carbon, and oxygen 
natural isotopes. More precisely, the ratio of fragment ions 
of the 147:148:149 M/E units was 100:16:9, exactly that which 
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would be predicted for a molecule of the composition 
c 6 H 15°2 s i* This fragment was interpreted as having the 
structure shown in Figure 25 and not as a reuterin molecule 
which had lost the TMS group, Strong signals at M/E 219 and 
5 189 present in the spectra of isomers of derivatized 

molecules contains 2 TMS groups eluting at 11.7 and 13.3 
minutes (data not shown). Illustrations of fragments 
fulfilling M/E data as well as structural detail as determined 
by NMR studies are presented in Figure 27. 

10 Based on the FTIR and LCMS data (Figures 16 and 17) of 

purified reuterin, reuterin was assigned a molecular weight of 
148 containing both hydroxyl and aldehydic functionalities. 
These assumptions fit well with NMR data (samples in D2O). A 
molecular formula of CgHi2°4 anc * the structure shown in Figure 

15 20 were proposed. However, it was clear certain revisions 
were needed when reuterin NMR studies were carried out in 
deuterated methanol. Data in this case implied the molecule 
had only three carbons or was symmetrical about an ixis ( ie 
2X3=6). Two possible schemes were proposed to explain this 

20 data (Figure 26). 



Scheme A would require the formation of a second 
hemiacetal bond between the aldehyde and the hydroxyl. The 
final structure would then exist as an eight membered ring, 
both halves of which would be symmetrical. This proposed 

25 structure does not account well for the carbon signal present 
at 207 ppm when reuterin is analyzed in deuterated methanol. 
The structure does fit splitting patterns, proportionality of 
protons present (2:2:1 ratio of hydrogens on carbons) and 
chemical shifts observed for the proton spectra in methanol. 

30 The hemiacetals would be free to open and reclose in the 

presence of water (much like sugars undergoing mutarotation 
over time) and a number of forms could be present at any moment 
within a reuterin sample. This may lead to the broad peaks 
observed in the D20 spectra and the lack of accurate 

35 integration of signals. 
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Scheme B would progress through a more structurally 
favored six membered ring and, coupled with loss of water, 
would exist as a bicyclic ring in methanol. This molecule 
would also possess the necessary symmetry to explain the NMR 

5 spectra observed in methanol. Furthermore this structure 

would include a carbon that would give a signal at 104 pom in 
a carbon-13 spectra. Chemical shifts and splitting patterns 
found in the proton spectra (run in D20) would fit the 
proposed six membered ring structure, and opening of the 

10 hemiacetal would present a situation similar to that described 
above, namely existence of multiple forms of reuterin leading 
to complicated spectra. 

Further scrutiny of the proton spectrum of reuterin run 
in D20 (Figure 19) provides information favoring scheme B 
15 (Figure 26). The straight chain form of reuterin could account 
for signals present at chemical shifts of 1.6, 2.6, 3.5, 3.7, 
5.0, and 9.5 ppm. The area ratio of these signals is clearly 
not equivalent to the r^atio of hydrpgen atoms in the molecule 
(i.e. 1:2:2:1:2:2 for carbon 1-6). If the cyclic form were also 
20 present in some equilibrium concentration with straight chain 
form, protons on carbons 1 and 4 of the ring would be existing 
in an environment very different from the same protons in the 
chain form. This would give rise to a new chemical shift for 
those protons. The environment of protons on carbons 3, 5, 
25 and 6 would be relatively constant in either form and the 
signals would not be expected to shift significantly. As 
expected the signals from protons on carbons 3, 5, and 6 are 
broad and show significant deviance from expected area 
integration values. Development of weak signal patterns 
30 around 5 ppm occurs due to protons from predicted ring carbons 
with two oxygens attached. The presence of two forms of 
reuterin while in an aqueous solution accounts for the 
proton spectum observed, whereas slight irreversible 
degradation of reuterin to 2 molecules of fe- 
35 hydroxypropionaldehyde would also explain the proton spectra. 



3C 
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The mass spectra obtained f rom - q - ily lan - i - go d samples 
provided another level of detail fi<& the structure of reuterin 
when considered together with data obtained from MMR studies . 
Signals present at M/E 147 represent fragments which could be 

5 predicted from any of the structures shown in schemes A and B 
(Figure 26). However, the fragment observed at M/E 177 should 
not be present in the fragmentation of the eight memberad 
ring or straight chain. Likewise the signal at M/E 163 would 
not be predicted for these molecules. Fragments of M/E 177 

10 and 163 are possible if the six membered ring is used as the 

parent molecule. Figure 27 details the proposed fragmentation 
of the ^^ilW^U six membered ring which fits the data 
produced from GCMS analysis. 

All observed M/E signals can be accounted for either as a 
15 fragment of the -CH2-CH2-0-TMS tail or as a fragment of the 

six-membered ring. Furthermore, the fragment of M/E 147 could 
be formed from a number of different fragmentations, any of 
which contain three base cacbons, an oxygen, and the -0-TMS 
group. This point is important because the signals from 
20 fragments of M/E 147 are strong in the spectra of both 

predicted isomers (as well as the monosily lated molecule) 
separated by GC, indicating both isomers yield the same baso 
ring fragmentations (i.e. have similar structure). 

Based on the data compiled to date, the most likely 
25 structure of reuterin is that given in Figure 28. When 

reuterin is present in an aqueous solution, it must exist in 
equilibrium with the open chain (based on NMR results) 
whereas when it is derivatized with BSTFA it is locked 
exclusively in the cyclic form (GCMS studies). Proton NMR 
30 studies of reuterin's structure in acetone coincide with data 
gathered when reuterin was dissolved in water (data not 
shown). Further NMR analysis of reuterin dissolved in a 50/50 
mixture of methanol water gave results similar to the methanol 
results presented above. Further analysis of forms 
35 predominating in methanol are required to confirm the theory 
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of the bicyclic structure. In addition, organic synthesis of 
reuterin (as its structure is predicted) and subsequent 
structural analysis is the only absolute method of confirming 
our structural hypothesis. 

5 Searches in the literature after the structure of 

reuterin was elucidated revealed that a compound having the 
same chemical components as reuterin was present in acidic 
solution upon the hydration of acrolein (29). It also had been 
previously described as the distillate from a preparation of 
^-hydroxypropaldehyde with the name 4-hydroxy-2-2 ' - 
hydroxyethy 1-1 : 3-dioxan ( 30 ) . 



10 



When 4-hydroxy-2-2 • -hydroxyethy 1-1 : 3-dioxan was 
synthesized in our laboratory as described by Hall (30), it 
eluted at the same HPLC peak as reuterin and exhibited an 
15 idential MIC value as the biologically synthesized reuterin 
Therefore, the structure shown in Figure 27 is that of 
reuterin . 



P -Hydroxypropaldehyde (also called: 
3-hydroxypropanal , hydracr aldehyde , fi - 

20 hydroxypropionaldehyde , 3-hydroxypropan-l-al ) is of great 

potential value in the solvent or the plasticiser field (Hall, 
R.H., and Stern, E.S, Journal Chemical Society, Jan-Mar, 1950 pp 
, 490-498). It has been confirmed that the dimeric 

\ hydroxypropaldehyde (i.e., reuterin or 

25 4-hydroxy-2-2 f -hydroxyethy 1-1 : 3-d ioxan ) and the' monomeric 
hydroxypropaldehyde are in equilibrium in solution (Ibid). 
Therefore, the biological production of reuterin from glycerol 
by L. reuteri constitutes a new process for f< rmation of the 
monomer (/ ^/^ hydroKyprap gl^tSTiyde ) as well as the dimeric 
30 form of this substance. 

The L. reuter i-reuter in system: a regulator of enteric 
i microbiotic populations . The discovery of this system has led 

to a new conceptional model describing how microbiotic 
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populations may be regulated in the gastrointestinal tracts of 
animals. This model is illustrated in the four parts of 
Figure 12. In Phase 1, an intestinal segment contains 
hypothetical bacteria (species A and B) and L. reuteri (R) 
5 existing in a state of population homeostasis. During phas* 
2, an increase in the population of a heterologous microbe 
(organism A in this case) is sensed (by an unknown cell to 
cell contact mechanism) by the resident L. reuteri cells. In 
phase 3 in the presence of glycerol (or glyceraldehyde ) , 
10 presumably available via pancreatic and/or microbial lipolytic 
activity, reuterin is synthesized. The bacteriocidal action 
of reuterin reduces the enteric microbial population in phase 
4 and the population homeostasis of phase 1 is restored. This 
model suggests that the feedback regulation principal which 
15 operates so effectively at the metabolic level may function at 
a cellular \evel for the maintenance of enteric population 
homeos tas is . 

As determined by experimental data given and viewed in 
light of the feedback model, L. reuteri strain 1063 is deemed 
20 best suited of L. reuteri strains to function as a probiotic 
agent to moderate enteric diseases and enhance feed 
efficiencies in swine. This conclusion derives from (i) the 
discovery that strain 1063 produces high levels of reuterin 
(Figure 2) and that it is more responsive to heterologous 
25 stimulation than the other strains (Table 6), (ii) the fact 
that strain 1063 was isolated directly from pig small 
intestines and is therefore a swine host-specific strain, and 
(iii) the observations that strain 1063 has strong 
autoaggregation ability and adheres better than other strains 
30 tested to pig epithelial cells. 

Best Mode for Carrying Out the Invention 

Reuterin is obtained by the homologous method wherein I» 
reuteri cells are grown in still culture at 37 degrees C In 
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Lactobacillus Carrying Medium with glucose Cor 24 hours. The 
cells are harvested by centr i Cugat ion and suspended in 250 mM 
glycerol. After incubation for 6 hours at 37 degrees C in 
still culture, the cells are removed by centr i fugat ion and 
5 filtration. The reuterin solution is then added to an 

environment containing reuter in-sensi tive microorganisms to 
kill the microorganisms. 

Industrial Applicabl 1 i ty 

Reuterin has applicability for antiviral, antibacterial, 
10 antiparasitic and antifungal use in laboratories. In 

addition, reuterin may be added to food products to decrease 
the microbial flora. Reuterin may also be fed to animals to 
decrease the microbial population in the animal 
gastrointestinal tract. Lac tobac i llus re uteri cells may be 
15 incubated under conditions conducive for reuterin production 
to enhance antibacterial activity. 
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Table 1« Reuterln is produced in the presence oE gl ycerol or 
qly cera ldehyde • 



Substitute 
% added to 
cu Iture 
med ium 

Glucose 



Addition of 
L, reu ter i 
1063 



E • col i 

(CFU/ml) % 
after 6 hours Inhibit ion 



1 • 3xl0 8 
1 . 3x iO 8 



0 



Mannose 



7. 2xl0 7 
9,0xl0 7 



Fructose 



2. lxlO 8 
3.0xl0 8 



Manni tol 



2. 3xl0 8 
2.7x W) 8 



Sorbitol 



2. lxlO 8 
1.9xl0 8 



Gluconate 



3.5xl0 8 
3. 2x iO 8 



0 



Xy lose 



6.7xl0 7 
6.9xl0 7 



Ribitol 



5.7xl0 6 
4 .9x10 s 



Arabi tol 



2.7xl0 6 
2 .9x 10 6 



Dihydroxyace tone -P 



3.4xl0 6 
4.1xl0 6 
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Table 1» Reuterin is produced in the presence of glycerol or 
glyceraldehyde . CONTINUED 



t 



-Glycerol-P 



5. 1x106 

6. 5xl0 6 



0 



Glycerol 



1 . 2xl0 7 
5.5xl0 4 



99 



Glyceraldehyde 



2.8xl0 6 
3. 2xl0 4 



99 
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TABLE 2. Reuterin is found in the culture fluid after removal 
of cells by cent r i fugat ion . 




Substrates present 



Growth of E^ col i 
presence of 
cent r i f uged cu 1 tu re 



in the culture 


med iun 


CFU/ml after 




med ium 


( 


5 hours 


Inhibit! 


Pyruvate 


4 , 


. 1x109 


0 


Phosphoenolpy ru vate 


3. 


.7xl0 9 


0 


10 Phosphogly cerate 


3. 


. 3x10* 


0 


^-Glycerol-P 


3. 


.2x109 


0 


Dihydroxyacetone-P 


3. 


. 7x109 


0 


Glycerol 


4. 


. 5x10 s 


99 .9 


Glycer aldehyde 

• 


6 . 


, 1x105 


98 . 9 


15 No Substrate 


3. 


,6x109 


0 



20 



25 



TABLE 3. Production of reuterin under different cultural 
cond it ions . 

Reuterin Units Produced 









E. coli in 












dialysis 


E. coli 


spent 


Time 


Complete 


Minus 


tubing 


cu 1 ture 


fluid 


(Hr) 


System 


E. coli 


In - Out 


+ 1063 


-1063 


0 


0 


0 


0 0 


0 


0 


1 


16 




1 


1 




2 


24 




4 


4 




3 


32 




6 


4 




4 






8 


6 




5 


32 




8 


8 




6 


32 


8 


4 8 


8 


0 
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TABLE 4. Effect of culture medium and Ej^ col i viability on 
^j N f^ reuterin production by reuteri 1063. 



Culture 
cond it ions 



Reuterin Units 



E * col i L, reuteri 
alone 1063 alone 



E . col i plus 
L. reutfer 1 
1063 



IIeat-kille<1 
E * col 1 plus 
L> reu ter i 
1063 



Complete 
Med ium 



48 



10 Glycerol- 
Water 
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TABLE 5. Homologous and heterologous production of reuterin 
by three strains of L. reuter i at varying concentrations. 



CP 



,4- 



10 



15 



Units of routerin produced (6 hr incubation) 



L. reuteri 


strain 1063 


s tra In 


23272 


strain 


4% 4& a ^ 

2001 6 


CFU 


E » 


coll 


E. coli 


E. 


col i 


per ml 


(-) 


( + ) 


( - ) 


( + ) 


(-) 


( +) 


1 .2xl0 10 


96 








— 


- 


4.0xl0 9 


48 












1.3x109 


24 














4 












2.0xl0 8 


0 


96 


4 


48 


48 


96 


7. Ox 10 7 


0 


48 


2 


32 


16 


48 


2. 3xl0 7 


0 


32 


0 


16 


6 


32 


7.6x106 


0 


12 


0 


6 


3 


12 


2.5x 10 6 


0 


0 


0 


0 


0 


1 


+: E. coll 


= Co-incubat Ion 


oE 20 CFU 


E . coli 


per CFU L. 


. reuteri 



-: No E. coli 



WO 88/08452 



PCT/US88/01423 



o 



<0 



10 



-45- 



TABLE 6. Sensitivity to reuterin and stimulation of reuterin 
production by 

various bacterial species. 

" Stimulation^^ 

reuterin pf uJucl tun 
by indicated strains 
in. glycerol med ium 
■ P^ASS^ i o n by indicated 
A strains in glycerol 
med ium 

Reuterin units 



Bacterial 
stra ins tested 



Sensitivity 
to reuterin 



I. Gram negative bacteria: 



Escherichia coll Kl 2 
15 (wild type) VS 

Escher ich la *col t 4 31 

(swine on teropa thogen ) * VS 
Escherichia coll 73 

(swine enteropathogen ) VS 
20 Escherichia coli P155 

(swine enteropathogen) VS 
Escherichia coll 263 

(swine enteropathogen) VS 
Escherichia coli PI 59 
25 (swine enteropathogen) VS 

Escherichia coli CII-P7 

(swine enteropathogen) VS 
Salmonel la typhlmur ium VS 
Shigella species VS 
^0 Proteus species VS 
Pseudomonas fluorescens VS 



32 



64 



64 



64 



64 
64 
32 
64 





WO 88/08452 

TABLE 6. CONTINUED 



-46- 



PCT/US88/0I423 



II. Gram positive bacteria: 

Staphy lococcus epidermidis 
Streptococcus cremoris 
Clostridium sporoqenes 
Bac 1 llus meqater ium 
Ped lococcus cere vis iae 
Leuconostoc mesenteroides 



vs 
vs 
s 
s 
s 
s 



32 
8 
8 

12 
8 
8 



III. Yeast: 



10 Saccharomycea cerevislae 



12 



VS » very sensitive? S » sensitive 



^7 
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Table 7 - 47 " 

inhibition oe the .1 subunlt oE ribonucleotide edict... 
, and Inhibition of thtoredoxln by ceuterin 

IV Reutecin, ul/nmole protein to 

5 , /suburl t pmrt..~ ™> inhibition 

Bl 53 

B2 555 

Thloredoxln 3 * 
Thioredoxin reductase >5000 
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0 



NH 3 (mg pec 



100 g> 



Control 164 

glycerol 64 

1068 36 

1063 28 




Pseudomonads 
(kings agar) 

9.5 
9.4 
8.4 
6.7 



LAB 
tot,a l 

<5.0 
5.5 
8.5 
7.7 



LAB 

hete rg_ 

<4.0 
5.1 
8.6 
7.8 
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